Ab initio determination of the electric field gradient (EFG) tensors at halogen and other centres enabled determination of the nuclear quadrupole coupling constants (NQCC) for a diverse set of C 2v , C 3v and other symmetry molecules of general formula MH 2 X 2 and MHX 3 , where the halogen atoms (X) are Cl, Br and I, and the heavy central atoms (M) are C and Si. The study presents results at a standardised level of calculation, triple-zeta in the valence space plus polarisation functions (TZVP) for the equilibrium geometry stage; all-electron MP2 correlation is included in all these studies. For the bromo and iodo compounds, especially the latter, it is essential to allow core polarisation, by decontraction of the p,d-functions. This is conveniently done by initial optimization of the structure with a partly contracted basis, followed by reestablishment of the equilibrium structure with the decontracted basis.
Introduction
In previous papers of this series, [ 11 [2] [3] [4] , we have studied a range of molecules containing various quadrupolar nuclei, and most recently this was axially symmetric halogen-containing compounds of both organic and inorganic types [5] . The present paper continues this last aspect, but relates to the non-axially symmetric compounds, especially organic compounds of C 2v and C 3v symmetry such as CH 2 X 2 and HCX 3 , together with their silane analogs. These studies concern individual molecules at equilibrium. Microwave spectroscopy (MW) for gaseous molecules leads to data directly comparable with the present results. However, the MW determined are a result purely of the set of atomic masses, and are not connected with the equilibrium structure and its electronic wavefunction except via the atomic numbers of the nuclei, so that IA data alone is of limited value.
In the low symmetry cases such as C 2v and C s , the asymmetry parameter ( r j ) is nonzero. In the normal convention for NQCCs, the magnitudes are given by: X zz ^ Xyy -Xxx; the asymmetry parameter is given by (Xxx -Xyv)tXzz> this limits the upper value of r\ to unity, since the Laplace relationship also obtains, i.e. the sum of the NQCCs is zero. The microwave spectroscopic definition of asymmetry parameter is different, and this can lead to values greater than unity; if the molecules is an oblate top, the axis identities are z -c, x = a, y = b\ if it is a prolate top, z = a, x = b, y = c, where a, b, c are the inertial axes.
NQR has been widely used for studies of halogenated compounds, but because of the 3/2 and 5/2 nuclear spin, 0932-0784 / 98 / 0600-0370 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen only the resonance frequencies (v) can be determined from polycrystalline samples (1) ; the asymmetry parameter (r\) requires the use of a single crystal or other techniques [6] . Much of the early (largely NQR) literature has been reviewed by Lücken [6] ; however, it is appropriate to note the correlations between 8 'Br NQR frequencies and Hammett sigma constants [7] , NQR Frequency for 3/2-1/2 Transition: " = £!ö9a (1 + |? 2 / 3 ) l/2 > (1)
h
As a typical example, the 35 C1 NQR frequency for methyl chloride at 77 K is 34.029 MHz, to be compared with 37 .3767 MHz for the study at room temperature [8] [9] . The effect is both one of temperature and lattice effects. Indeed, analysis of the NQR frequency and molar heat capacity against temperature lead to the value of -2.870(330) MHz as the crystalline contribution to the observed frequency at 0 K [10] . In most cases, we will refer to the MW data if available, while NQR data, which contains the condensed phase effects, will be used in the absence of MW data. In this and the following sections, experimental claimed errors in the last digits are in parentheses, and the quadrupole coupling data refer to the isotopes 35 C1, 79 Br and 127 I; data for the other isotopes can be obtained by scaling of the results by ratio of the atomic quadrupole moments.
Coordinate Transformations for Quadrupole Coupling
First we note some of the approximations which are commonly used in MW spectroscopy in order to transform the coordinate system of the NQCC tensor from EFG-IA to EFG-PA systems. The case considered is where there is a plane of symmetry, leading to C s symmetry for the system. One of the diagonalised tensor values is unchanged between the IA and EFG-PA systems, so that the principal values obtained are dependent on the accuracy of the (least-well determined) off-diagonal element, Xab-> whose sign is unknown. If % ab is not determined, progress can still be made. Given the angle 0 a between the a-axis and the C-halogen bond is known from the substitution structure, a very common approach is (a) to assume that the z-axis lies along the C-halogen bond direction. Hence here G a = 6 za . Alternatively, (b) it is assumed that the EFG-PA tensor has cylindrical symmetry, whereby Xzz = -2Xxx -~^Xvy where the c-axis is unchanged in the plane of symmetry case. This last method immediately gives Xzz f rom -2* cc .
In the present study, we perform ab initio calculation of the EFGs (qat the centre of interest in the molecule, and convert this tensor to the NQCC tensor (&,) by means of (2) and (3) [11] . The SCF or MP2 wave-function is denoted by i// 0 .
The diagonalised tensor values (Xu) ' n MHz compare directly with the MW experimental NQCC in the EFG-PA system. If the molecule has a plane of symmetry, the c-axis is perpendicular to the plane, and if this coincidences with the EFG JC-PA, then the components along the inertial axes a, b are as shown in (4) . Hence having evaluated Xu we can determine the components of the IA tensor elements using these equations and a knowledge of the angle between the EFG-PA and the IA, here 6 za .
Typical diagonal and off-diagonal Electric Field Gradient Operators: 
Basis Sets and Theoretical Methods
The theoretical methods are the same as in [5] and do not require much amplification here. The Huzinaga /Dunning triple zeta valence (TZV) type [12] were extended by polarisation functions [13] ; some other larger elements were from our own bases and are described more fully [14] [15] . However, it was found that while the bromine and iodine bases of Huzinaga [16] [17] with total functions 14sllp5d(Br) contracted to s/p/d terms 79 ' 81 Br being only marginally acceptable. It was necessary to decontract the bromine p-functions further to [311111111 ] , while the iodine basis above required the addition of further terms of each of s,p,d-type, the p-set becoming [321111111111 ] ; if this was not done, then HI had the dipole reversed from the expected direction. Because of the high degree of decontraction of these orbitals, the molecular total energies are very good, and since the heavy atoms contribute a very high proportion of the total energy, are relatively close to the Hartree-Fock limiting values for these molecules.
In summary, the equilibrium geometries were obtained with the semi-contracted sets shown; the equilibrium geometries were then re-established with the full decontracted sets, and the wave-functions saved as Natural Orbitals (NOs). Reoperation of the optimization mode for the latter, facilitiates storage of the NO for subsequent analysis. All of the calculations were performed with the GAMESS-UK quantum chemistry package [ 18] [ 19] , In the Atomic Units energy scale, 1 a.u. = 2626 kJmol -1 .
Atomic Quadrupole Moments
The present set of nuclei has nuclear spin I = 3/2 ( 35 C1, 37 C1, 79 Tables 1-2 show the compounds studied by the above standardised methods, and include total energies (a.u.), symmetries and EFGs (a.u.). The first stage is determination of the equilibrium structure and the corresponding IA system, and comparison with experiment. All molecular properties such as NQCC are evaluated for the equilibrium structure. In the present paper we do not discuss the equilibrium structures in great detail, choosing to take a few typical examples from different symmetry classes. The rotation constants A, B, C (MHz) are shown in Table 3 ; these give a clear measure of the overall structure comparison with experiment, and hence show that the IAs lie in similar positions in the theoretical equilibrium structure and in the substitution structure from the MW analysis. As implied, we are primarily concerned with the halogen atoms being connected to a tetravalent centre in the present study.
Results and Discussion
The EFGs are converted to the NQCC using the above conversion factors, and are compared with the IA quadrupole data, as shown in Tables 4-7 . Where NQR data is entered, this is purely for completeness, since the varied temperatures and assumptions of zero asymmetry, consistent with the time of investigations (circa 1960), are such that no direct comparison of the data is possible.
The Tables are completed by ones relating to electron distribution, Mulliken populations and comparison with experimental dipole moments (Tables 8  and 9 ). Table 2 . Total energies and EFG for silyl halides; TZVP + MP2 method. 
Structure and Inertial Axes for Alkyl and Silyl Halides
The ethyl halides (Et-X, X = Cl, [23] [24] Br, [28] [25] [26] [27] I, [29] [30] [31] ) have been analysed by MW spectroscopy in terms of the trans-conformer, and hence C s symmetry. The 3-fold rotor axis of the methyl-group is slightly offset from the C-C bond axis in all cases. All three molecules have a very similar position in the inertial axis frame, namely the halogen and trans-H^ effectively on the a-axis, and the pair of CH 2 ß-CH 2a groups in the positive and negative b-axes, respectively. Experimentally, the NQCCs evaluated here are the sum and difference terms, = -% aa = % hh + % cc and X = Xbb -Xcc respectively. The isopropyl halides show many features similar to the ethyl halides. The a-axis lies close to the halogen and the bisector of the C-C-C angle.
Next we briefly refer to some examples of the mixed dihalogenomethanes, since these cases show higher asymmetry parameters than the above. Dichloromethane is a typical case [33] ; the calculated rotation constants (A, B, C) in MHz are shown in Table 3 . These are typical levels of agreement between the equilibrium geometriy rotation constants (for the most common isotopes) and the substitution structure in MW spectroscopy. These data yield the bond lengths (A) and angles (degr.) (experimental in parentheses) H-C 1.0804 (1.068 (5)), C-Cl 1.7735 (1.7724 (5)) and C-C-Cl 112.94 (111.8(1)), respectively. Since the two structure determinations are not expected to be identical, this is good agreement. In this C 2v symmetry example, the b-axis bisects the Cl-C-Cl angle, with the a-axis parallel to the Cl-Cl axis but displaced towards C.
Of the C 2v symmetry systems, CF 2 C1 2 is a typical case. The present equilibrium structure shows bonds and angles, with MW determinations in parentheses, C-Cl [40] , Of these differences, the C-Cl one is surprisingly large; in general we would expect bond differences of about 0.01 A.
If we take the fluorochloromethane case, the symmetry is reduced to C s ; here the corresponding data for A, B, C is within 1% of experiment [43] , The a-axis again lies close to the F-Cl direction but tilted slightly towards C, such that the Cl atom lies almost on the a-axis. This is a situation where the determination of substitution coordinates is most unreliable. However, the agreement between the equilibrium and (assumed) substitution structure is again good; namely C-F 1.3654 (1.370) C-Cl 1.7794 (1.7621) and F-C-Cl 110.4 (110.1). When we turn to bromochloromethane, the rotation constants, A, B, C are again in excellent agreement, and the molecular dimensions are in agreement with the experimentally assumed structure, with C-Br 1.9421 (1.930), C-Cl 1.7748 (1.769), C-H 1.0800 (1.074), Br-C-Cl 113.0 (112.3). For iodochloromethane we have A, B, C and an equilibrium structure very similar to the assumed experimental one [44] [45] , In this instance, the I-atom lies effectively on the a-axis, which cuts the C-C1 bond relatively close to the Cl atom. The general level of agreement between the EFG-IAdata and that found experimentally [45] , is again fairly satisfactory. The offdiagonal element (% ab ) whose sign cannot be determined experimentally, is clearly positive for this molecule.
In general, the silane structures are also in good agreement with the substitution structures from the MW investigations, but the differences are often larger than in the corresponding alkane molecules. For example, the [68] . Like iodoethane, the I atom lies close to the a-axis, with the b-axis bisecting the Si-C bond. The angle 6 za is calculated to be 16.8° in exact agreement with the value obtained experimentally. Thus the structure is in good agreement with experiment. The major bond lengths are (calc./obs.): Si-12.4751 (2.444), Si-C 1.8674 (1.857), Si-H 1.4721 (1.460), I-Si-C 108.5 (108.8).
Quadrupole Coupling Constants in Relation to Structure
The ethyl halides provide the simplest non-axial symmetry cases; in the case of chloroethane, the difference in the two assumptions of (a) either zero asymmetry to enable the conversion of IA to EFG-PA data, or (b), assuming the EFG-PA to lie along the bond axis leads to results for the Xzz of -71.28 MHz and -68.84 MHz, respectively [24] . The present data shows that the angle between the EFG-PA and the bond direction is 0.70°, and hence the second assumption is the more reasonable, with data as shown in Table 4 . There is good agreement between the IA data and the present study for chloroethane, with similar angle 9 za 24.929 (compared with 26.9 from the averaged experimental data) [24] , For both bromo-and iodo-ethane, the off-diagonal NQCC element x a b was determined, hence allowing the diagnonalisation of the tensor, and the EFG-PA to be determined without the assumptions for the chloro-compound. Again, the present results are in good agreement with experiment [29] [31] . We find the asymmetry parameter for this series of compounds to be small (Et-X, r\ 0.0108 (X = CI), 0.0128 (X = Br) and 0.0056 (X = I). However, the better assumption of (a) and (b) above, is that the EFG-PA lies along the C-X bond. Overall there is pleasing agreement between the observed and calculated IA data in this set of compounds. The present data correctly represents the experimental correlation of NQCC against structure for the series of chloromethanes, CH"Cl4_", n = 0-4 first exhibited by Lucken (Fig. 10.1 in [6] ). Here we show the corresponding EFG-PA data against a term representing the number of halogen atoms (Figure 1) . A similar relationship occurs for the bromo-and iodo-compounds.
For iodochloromethane [44] [45], the I-atom lies effectively on the a-axis, which cuts the C-Cl bond relatively close to the Cl atom. The general level of agreement between the EFG-IA data and that found experimentally [45] , is again fairly satisfactory. The off-diagonal element {Xab) whose sign cannot be determined experimentally, is clearly positive for this molecule.
Of the trihalogeno-methanes and -silanes, there is only MW data for chloroform [38] [57] and trichlorosilane [65] [66], In these C 3v molecules, the 3-fold zaxis identifies with the c-axis in MW spectroscopy, leading to the a-and b-axes being degenerate. This arises from the difinition of the principal axes of inertia, being l a < I b < I c . Here there is three symmetrically placed quadrupoles about the z-axis, and none of the EFG-PA lie along the x, y, z (or a, b, c)-coordinate systems. Thus if r\ is defined as (q zz -q vy )/q zz , there are no immediate limits to r\. If cylindrical symmetry is assumed, the current state of this art for the trichloro-compounds, then the EFG-PA components along the z-axis are eQqcosa where a is the Cl-M-Cl angle. This simplifies to a value for ri being close to (1 -cosa)/cosa. Potential confusion with the EFG-PA values can occur; thus for chloroform, the IA data yields eQV zz = eQq cc = +28.54(3) MHz [57] . The assumption of axial charge symmetry, leads to the EFG-PA data -80.39 (22) MHz, also confusingly cited as eQV aa [38] , A further feature of unusual type, is that the haloform and trihalogenosilane molecules show very high asymmetry parameters when referred to the IA frame; thus for chloroform [57] , we have 77 = (q aa -qbb)lq cc --3.74(4) as a typical example. For the trichlorosilane it is even larger (-4.05) [66] , In practice, we find the asymmetry parameters low around the Cl centres in both molecules, so that the above (expediently chosen) analysis is a reasonable approximation. In Table 4 -6, we also show the (approximate) NQR EFG-PA values for these and related molecules, which would have been obtained by the assumption of local EFG cylindrical symmetry; again the data are all consistent. In particular, the fact that the EFG-PA values of the NQCC at 35 C1 in the silanes when compared with the methanes, are nearly half the magnitudes, emerges.
Upper trace: MeCl + EtCl + i-PrCI + t-BuCI 
The MW study of dimethyldichlorosilane [69] , leads to a much higher r\ for the EFG-PA results than found here; the value seems high by comparison with other molecules, but again (in the absence of determination of the off-diagonal elements) cylindrical asymmetry was assumed. The only other discrepancy appears to be trimethylsilyl chloride, where the axially symmetric molecule leads to MHz in the present study compared with -46.9(15) MHz in an early MW study [61] . These data have omitted from the correlations shown, since it seems unlikely that the present calculations, which are consistent with the other silyl results, could be in error to such a large degree. There are problems with internal rotation in the analyses of spectra from such compounds.
EFG and Derived Quadrupole Coupling Constants in Relation to Experiment
In Table 7 , we show the slope (m), intercept (c) for a series of correlations y = mx + c, where y is the Observed NQCC, and x is the Calculated NQCC. The correlation coefficient (CC), and Standard Errors (SE) of slope and intercept for N-sets (NP) of data are shown. Figure 2 shows the overall correlation of the 35 C1 quadrupole coupling constants, calculated versus experiment for the IA data. Since the methods used are identical with those for the axially-symmetric compounds of our previous paper [5] , we include these compounds; the IA and PA data are identical in these latter cases. Thus the correlation, over some 51 points contains both organic and inorganic compounds, and in the latter case, contains halogens and inter-halogens, as well as the silyl compounds. The corresponding data for the bromo and iodo compounds is shown in Fig. 3 and Fig. 4 . In each case, the fit is very satisfactory, all data are effectively controlled by scatter, and no systematic or specific mis-matches are seen.
If the EFG-PA data from the present study is plotted against the values derived from the IA data, by whatever approximations chosen by the MW authors, but especially (a) cylindrical symmetry or (b) z-axis coincident with bond axis, and (c) after determination of the off-diagonal elements, and direct determination of the EFG-PA results, we obtain an almost identical correlation. In this instance, the corresponding linear regression data for the slope and intercept are statistically identical results to the IA results, showing the high level of agreement between theoretical and experimental data. Thus the intrinsic errors in the theoretical data, namely nonidential structures, and hence differing moments of inertia and inertial axis positioning, and the errors in the experimental data, including the claimed errors (shown in the Tables), as well as the approximations (a) and (b) above, all balance out.
Implications for the Atomic Quadrupole Moments
We have performed correlations of the above type for a number of years [1] . However, whilst these show the degree of scatter between the calculated and observed data, the Laplace relationship, Xxx + Xyy + Xzz = makes it inevitable that the correlation lines will pass close to the origin. In order to determine the 'effective atomic quadrupole coupling constants' for each halogen, we scale the values used by the slope of the correlation line. This gives the values, CI -84.63 (33) , Br +314.48 (80) , I -724.74(310) mb, where the errors are based on the SE of the regression slope. The % changes for the nuclei are thus CI +3.6, Br -5.0 and I -5.9% respectively. The primary factors which may distort these values are (i) whether the basis sets and methodology used are returning a constant proportion of the EFG, (ii) whether there are relativistic effects, which will increase with the atomic number of the element. We cannot be sure of either of these factors. However, there seems no need to reassess the value for the 79 Br nucleus downwards by 10%, as has recently been suggested on the basis of calculations on brominechloride (BrCl) [70] . Our previous paper [5] shows that the present adjustment in the value of Ö79Br of -5.0% would give effectively exact agreement with experiment for BrCl. The reason for the discrepancies in the 'effective atomic quadrupole coupling constants' required for calibration of EFG calculations with large elements such as Br and I, is the essential need to (i) operate with a large atomic basis set, and then (b) to decontract the gaussian orbitals to almost the maximum degree, in order to allow core polarisation to be possible in molecular cases [5] .
Electric Charge Distributions

Dipole Moments
We now report the dipole moment results obtained and compare these with those from various experimental methods. Although there are compendia of dipole mo-ments for simple compound such as the present series [7] , the values obtained over the rather narrow range, by diverse methods show considerable scatter for individual compounds, and there is no Stark effect MW studies on a number of key compounds; new data is urgently awaited. The individual components in the inertial axes may cause some problems since the MW intensity varies with the square of the dipole moment. Ethyl iodide is typical with p a 1.75 (5) and p h 0.25(1) D [80] , The ratio of 7:1 in the components shows that the intensity of the separate spectra would differ by 49:1. We assign a positive sign to the dipole moment to mean that the negative end of the dipole lies towards the quadrupolar halogen under study. In order to widen the range of data, we include some of the compounds from our previous study [5] , The overall correlation of the data shown provides a linear correlation of form // Expt = 0.906 /icaic + 0.036. The SE in slope is 0.025, and intercept 0.043, with a correlation coefficient of 0.9865 for 37 compounds. In general the correlation is satisfactory, but the uncertain validity of some of the experimental (solution) data to the present correlation makes detailed discussion impracticable. However, it appears that the dipole moments in the series: Me, Et, i-Pr and t-Bu increase slowly for all individual halogens, while the Me-X series with X = Cl, Br and I decrease [60] . These effects are consistent with the electron donating effects of alkyl groups, and electron acceptance of all halogens relative to an attached C-atom. In the case of the CF 3 -X and SiF 3 -X compounds, the dipole moments are of different sign to the above. Thus vector addition of the F 3 atoms in an approximately tetrahedral environment, leads to one F-C or F-Si dipole along the internuclear principal axis; this is more than sufficient to outweight the C-Cl and Si-Cl dipoles in the opposite direction, so that the MF 3 -X system behaves like an extended interhalogen, with F at the negative end of the dipole [32] , In this way, the lower dipole moments of the CF 3 -X relative to the CH 3 -X series are readily explained [79] , as is the fact that the CF 3 -X series have dipole moments I > Br > Cl, contrasting with CH 3 -X which are in the reverse order, while the trifluorosilyl halides have almost identical dipole moments to the trifluoromethyl halides [72] [73].
Atomic Populations by Mulliken Analyses
Finally, we analyse the electronic charge distribution in terms of Mulliken atomic populations, and the individual bond components. For the chloroalkanes, the bond dipoles comprising the difference in total atomic populations relative to the free atom sums in the atomic groupings, show that H-C bonds are polarised H^-C 5 " with S about 0.154e, except in isopropyl-compounds where the H-C-Cl is more polarised (0.162e). The methyl groups are fairly constant electron denors by about 0.040e to adjacent C-Cl; the C-Cl bond dipole is about 0.130e. In the bromo-compounds, the C-Br polarisation is about 0.134e, effectively the same as in the chloro-compounds. In contrast, the alkyl iodides have the C-I bond dipole reversed to the C-halogen ones above, with the I atom losing about 0.109e; thus the dipole moment of iodomethane arises from the H-C bond polarisation outweighing the C-I one. The presence of more than one halogen leads to each having a smaller total population than separately, with the H-C dipole acting as the electronic balance. Thus dichloromethane has H-C dipoles of 0.185e, slightly increased over the monochloro-compound, but the C-Cl dipoles are reduced to 0.053e. The C atom in CH 2 BrCl is very similar in total charge to that in CH 2 C1 2 , but CH 2 FC1 has a nearly neutral C atom, with high bond dipole on C-F but nearly typical C-Cl bond. In the case of the halogenosilanes, the H-Si bonds are polarised in the sense H^-Si^, where Ö is 0.286e (Cl), 0.297e (Br) and 0.055e (I). Thus the iodine atom in iodosilane is negative in contrast to iodomethane molecule. The d-orbital populations in all these simple silanes are variable but low in every case. There is no evidence to connect the quadrupole coupling constants with d-orbital participation. The principal reason for the NQCC at halogen being nearly halved in the silanes compared with the methane series was covered in our previous paper.
Conclusions
Overall there is pleasing agreement between the observed and calculated IA data in this set of compounds. The angle 9 a between the a-axis and the C-halogen bond known from the substitution structure, leads to either (a) the assumption that the z-axis lies along the C-halogen bond direction. Hence here 0 a = 9. a . Alternatively, (b) it is assumed that the EFG-PA tensor has cylindrical symmetry, whereby Xzz = ~2Xx. With the advent of Fourier transform MW spectrometers, the higher resolution by a factor of 40 in some cases, leads to the determination of the off-diagonal elements (Xab etc ) directly. The removal of the necessity for as-sumptions (a) or (b) above, can lead to marked differences. Thus for dichlorosilane, the EFG-PA value changes from -42.0 MHz (77 = 0.0 assumed) to -38.33 MHz (with 77 = 0.0815), a nearly 10% change [64] , As it turns out, this improves the agreement with the present calculations. We find the asymmetry parameter for the alkyl halide series of compounds to be small; typical values in the ethyl halides are: Et-X, rj 0.0108 (X = CI), 0.0128 (X = Br) and 0.0056 (X = I). However, the better assumption of (a) and (b) above, is that the EFG-PA lies along the C-X bond.
The electric dipole moments are reasonably well correlated with experimental data, but the absence of some Stark measurements has meant the need to utilise some 381 solution data. The charge distributions as determined by Mulliken analyses are consistent with the dipole moments, and in particular the signs of the dipole moments are standardised, and these correlations make the differences and similarities of CF 3 and SiF 3 series of compounds in relation to the CH 3 and SiH 3 series better understood.
